Photoproduction of S off nucleons 
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The photoproduction reaction 7 iV — » KK~S. is investigated based on a relativistic meson-exchange 
model of hadronic interactions. The production amplitude is calculated in the tree-level approxima- 
tion from relevant effective Lagrangians, whose (coupling constant) parameters are mostly fixed from 
the empirical data and/or quark models together with SU(3) symmetry considerations. Gauge in- 
variance of the resulting amplitude is maintained by introducing the contact currents by extending 
the gauge-invariant approach of Haberzettl for one-meson photoproduction to two-meson photo- 
production. The role of the intermediate low-lying hyperons and of the intermediate higher-mass 
hyperon resonances are analyzed in detail. In particular, the basic features of the production of 
H~(1318) in 7p — * K + K + ~E~ and their possible manifestations in the forthcoming experimental 
data are discussed. 

PACS numbers: 25.20.Lj, 13.60.Le, 13.60.Rj 



I. INTRODUCTION 

In principle, flavor SU(3) symmetry allows for the ex- 
istence of as many H resonances as the number of N* and 
A* resonances combined [1]. Despite this fact, not much 
is known about these resonances. Indeed, only a dozen 
or so 3 have been identified so far; among them, only 
two, 3(1318) and 3(1530), have four-star status [2]. One 
of the reasons for this situation is that 3 hyperons, being 
particles with strangeness S = — 2, are difficult to pro- 
duce having relatively small production rates; they can 
only be produced via indirect processes from the nucleon. 
The production of 3 baryons were, so far, restricted 
mainly through the K~p reactions [3] or the E-hyperon 
induced reactions [4]. However, since the late 1980's, 
no significant progress has been made in cascade spec- 
troscopy due to the closing of the then existing kaon fac- 
tories. Recently, the CLAS Collaboration at the Thomas 
Jefferson National Accelerator Facility (JLab) has initi- 
ated a cascade-physics program [5, 6]; the collaboration, 
in particular, has established the feasibility to do cas- 
cade baryon spectroscopy via photoproduction reactions 
like 7p -> K+K+E- and 7 p -> K+K+nS [6, 7]. 1 A 
dedicated experiment for these reactions is currently un- 
derway; preliminary total cross section data for the first 
reaction have already been reported [9]. Also, cascade 
physics has recently received a special interest in con- 
nection with the search for the exotic pentaquark states. 
In fact, the NA49 Collaboration [10] has reported seeing 
a signal for the pentaquark cascade 3^~ - . However, to 
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1 An earlier experiment on inclusive S photoproduction is reported 
in Ref . [8] . 



date, other experiments with much higher statistics have 
obtained negative results [11]. 

To our knowledge, the only theoretical investigation of 
cascade photoproduction off nucleons is that of Ref. [12], 
which was devoted to the production of the pentaquark 
3 5 hyperon. It is extremely timely, therefore, to study 
this reaction theoretically in the energy range covered 
at JLab. In the present work we investigate the 7 A — > 
KKE reaction for incident photon energies up to about 
5 GeV. Our approach is based on a relativistic meson- 
exchange model of hadronic interactions. The reac- 
tion amplitude is calculated in the tree-level approxima- 
tion considering the production mechanisms displayed in 
Fig. 1 , which involve excitation of baryon resonances in 
the intermediate states. In fact, the Particle Data Group 
(PDG) [2] quotes a number of four- and three-star A and 
£ hyperons which may contribute to the production of 3 
in the present reaction. The f-channel meson-exchange 
processes with subsequent decay of the emitted meson 
into two kaons (meson-production processes) are sup- 
pressed in the present reaction, since the produced meson 
should be exotic having strangeness S — +2. In addition, 
the i-channel meson-exchange processes for KN — > A3 
are also suppressed since these can occur only via an ex- 
change of an exotic meson with S = +2. This means 
that, to lowest order, the production of a cascade hy- 
peron involves necessarily an excitation of hyperons as 
shown in Fig. 1. This is quite different from the case of 
the 7 A — > KKN reaction, which has large contributions 
from vector-meson production processes [13]. Therefore, 
cascade photoproduction off nucleons should offer also a 
possibility to extract information on the hyperons with 
S=-l. 

In this work, we investigate the photoproduction re- 
actions of the ground-state cascade 5(1318). We will 
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FIG. 1: Diagrams contributing to 7^ — ► KK3. The interme- 
diate baryon states are denoted as N' for the nucleon and A, 
Y, Y' for the hyperon A and £ resonances, and H' for 5(1318) 
and H(1530). The intermediate mesons in the t-channel are 
K [(a) and (b)] and K* [(h) and (i)]. The diagrams (f) and 
(g) are the generalized contact currents required to maintain 
gauge invariance of the total amplitude. The off-shell inter- 
action currents corresponding to the diagram parts Ci and 
C2, respectively, are given in Eqs. (A. 22) and (A. 25). The 
external legs are labeled by the four-momenta of the respec- 
tive particles in (a). Diagrams corresponding to (a)-(i) with 
K(qi) <-> K{q2) are also taken into account in the present 
calculation. 



discuss four different isospin channels, namely, 
K+K+E-, -fp->K + K°Z , 



(1) 



at this stage of the investigation due to a complete lack 
of independent information as to the dynamics of how 
these hadrons enter the present reaction. 2 To avoid any 
speculation on our part, we leave these issues until such 
time when a better understanding of the underlying reac- 
tion dynamics is available. Hence, it is the purpose of the 
present work to investigate the S photoproduction mech- 
anism using only the currently available information. 

In the next Section, we develop our model for S pho- 
toproduction, which is shown in Fig. 1. We present our 
results for cross sections and some spin asymmetries in 
Sec. III. The different role of the intermediate hyperons 
will be discussed in detail before we summarize in Sec. IV. 
The effective Lagrangians used in the present work and 
the method to maintain the gauge-invariance condition 
with form factors are given in Appendix. 



II. MODEL FOR 7 AT -»■ KKS 

In the present work, the reaction -fN — > KKE 
is described by the sum of the amplitudes shown in 
Fig. 1. The three- and four-star hyperons which may 
contribute to the present reaction are summarized in Ta- 
ble. I. Among them, only for the low-mass resonances, 
i.e., A(1116), A(1405), A(1520), £(1190), and £(1385), 
we have sufficient information to determine the rele- 
vant hadronic and electromagnetic coupling constants. 
In fact, they can be estimated from the experimental 
data [2] and/or from quark models and SU(3) symmetry 
considerations. Tables II and III summarize the hyperon 
resonance parameters and the corresponding estimated 
coupling constants. 

Unfortunately, for higher-mass resonances (those in 
Table I with a mass larger than 1.6 GeV), there is not suf- 
ficient information to extract the necessary parameters, 
especially their coupling constants to the cascade baryon. 
The only available information relevant to the present 
reaction involving the higher hyperon resonances are the 
Y — > NK partial decay widths [2] , from which we can ex- 
tract the magnitude of the corresponding NYK coupling 
constants. They are displayed in Table I. Therefore, we 
consider only the diagrams (a)-(g) in Fig. 1 with Y = Y' 
in (d), where the only additional parameter is the "EYK 
coupling constant. Also, in the following, we will restrict 
ourselves to spin-1/2 and -3/2 hyperons. It then hap- 
pens that, unless the EYK coupling constants are much 
larger than the corresponding NYK coupling constants, 
resonances with J p = 1/2+ and 3/2~ yield much smaller 
contributions to the reaction amplitude as compared to 
the J p = l/2~ and 3/2+ resonance contributions. This 



At this point, we note that many issues, such as the 
KE final-state interaction (FSI), the roles of many of 
the high-mass nucleon and hyperon resonances, and high- 
mass vector and axial- vector mesons cannot be addressed 



2 The scalar meson exchange, however, is not present in this reac- 
tion since the scalar meson cannot couple to the photon and the 
pseudoscalar meson because of angular-momentum and parity 
conservation. 
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TABLE I: A and E hyperons listed by the Particle Data Group [2] as three-star or four-star states. The decay widths and 
branching ratios of high-mass resonances m Y > 1.6 GeV are in a broad range. The coupling constants are determined from 
their central values. 



A states 


£ states 


State 


J p 


T (MeV) 


Rating 


/vi\ | 


State 


J p 


T (MeV) 


Rating 


2ji\ | 


A(1116) 


1/2+ 








SC11931 


1/2+ 

±/ z 




**** 




A(1405) 


1/2" 
±/ z, 


w 50 


**** 




S(1385) 


3/2+ 


^ 37 


**** 




A(1520) 


3/2" 


w 16 


**** 














1 1 1 -L \J\J\J I 


1 /2+ 

1/ z. 


~ 150 


*** 


4.2 


T,(] 660^ 

i—i \ -L VJVj\J J 


1 /2+ 

1/ z 


~ ioo 




2.5 


A(1670) 


1/2" 

±/ z 


« 35 


**** 


0.3 


y;cifi7oi 

t—i 1 1U 1 \J J 


3/2" 


~ 60 


**** 


2.8 


A(1690) 


3/2 _ 


« 60 


**** 


4.0 


£(1750) 


1/2- 


« 90 




0.5 


A(1800) 


1/2" 


« 300 


*** 


1.0 


£(1775) 


5/2" 


« 120 


**** 




A(1810) 


1/2+ 


« 150 




2.8 


£(1915) 


5/2+ 


w 120 


**** 




A(1820) 


5/2+ 


« 80 


**** 




£(1940) 


3/2" 


« 220 


*** 


< 2.8 


A(1830) 


5/2 _ 


w 95 


**** 




£(2030) 


7/2+ 


w 180 


**** 




A(1890) 


3/2+ 


« 100 


**** 


0.8 


£(2250) 


? ? 


« 100 






A(2100) 


7/2- 


« 200 


**** 














A(2110) 


5/2+ 


« 200 
















A(2350) 


9/2+ 


« 150 

















can be understood if we consider the limit of the interme- 
diate hyperon resonances being on the mass shell. Then, 
the photoproduction amplitude becomes proportional to 
either the sum of the baryon masses or their difference 
depending on the spin-parity of the resonance, namely, 

Mi/ 2 ± oc (my T m N )(m Y T ms), ^ 
M 3 / 2 ± oc (my ± mjv)(my ± mn), 

where Mjp denotes the photoproduction amplitude in- 
volving the intermediate hyperon with the spin-parity 
J p . Of course, this argument does not quite apply to 
low-mass resonances which are far off-shell in the present 
reaction. Among the J p = 1/2" and 3/2+ resonances, 
assuming the EYK coupling strength to be of the or- 
der of the NYK coupling strength, we find that only 
the A(1800)l/2- and A(1890)3/2+ resonances contribute 
significantly. 3 We, therefore, consider only these two 
higher-mass resonances in the present exploratory inves- 
tigation instead of including all hyperon resonances listed 
in Table I. As such, these two A resonances may be 
viewed as representatives of the spin- 1/2 and -3/2 reso- 
nances, respectively, in the region of 1.8-2.0 GeV; they 
are employed here to indicate what features spin- 1/2 and 
-3/2 resonances may introduce into the present reaction. 

The interaction Lagrangians for constructing our 
model for the production amplitudes shown in Fig. 1 are 



3 Among the S resonances, the only candidate is E(1750) with 
J p = l/2~ , which, however, has a very small coupling constant 
9nsK' ^ or ^ resonances, one can expect \g SAK /Snak I — ^ 
since g SAK = g NAK for a singlet A and g SAK /g NAK = (1 - 
4/)/(l+2/) for an octet A [14], which is less than 1 for < / < 1. 



given in Appendix. The corresponding parameter values 
are in Tables II and III. 

Before presenting our results, we mention that the free 
parameters in the present model calculation include: 

a) The pseudoscalar-pseudovector (ps-pv) mixing pa- 
rameter A in the meson-baryon (BYK) vertex for 
spin-1/2 baryons B and Y in Eq. (A. 2). Note 
that, in principle, because of the Goldstone-boson 
nature of kaons, chiral symmetry demands the 
pseudovector-coupling (A = 0) choice at least for 
energies near the threshold. (Strictly speaking, of 
course, chiral symmetry holds only in the massless 
kaon limit.) Nevertheless, here we consider both 
the extreme possibilities: A = and A = 1. 

b) The signs of the hadronic and electromagnetic 
transition coupling constants, g BAK = ±0.91 for 
A(1405) (Table II), and g AA ,^ = ±1.26 and 3sA , 7 = 
±2.22 for the transitions A(1116) <->■ A(1520) and 
£(1193) <-> A(1520), respectively (Table III). The 
phases of those coupling constants are not uniquely 
fixed yet. 4 

c) The cutoff parameter A b and the exponent n in the 
baryonic form factor in Eq. (A. 20). We take these 
parameters to be the same for all the intermediate 
baryons. 

d) The product of the coupling constants, 9 n\k9b.ak ^ 



4 For those diagrams in Fig. 1 containing the NYK and SY'K 
vertices with Y = Y', their corresponding total phases can be 
fixed by SU(3) flavor symmetry. 
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TABLE II: Model parameters employed in the present calculation. The last column cites the sources for the respective values, 
where PDG refers to Ref. [2]. 



]\T 1 1 r> 1 oi~in ■ 






III j\j i 1VJ.C V 1 


938.3 


PDG 




1.79, —1.91 




i — i^±o±oy . 






ill's 1 Ivlc V l 


i9is n 

ioio.u 






— i 9^ n ^ 


PDG 


a [= =,(1530)] : 






m=+ (^1 2* j (Mev ) 


i roo n fc\ cc^ 

iooo.u (y.oj 




A(1116) : 






m A (MeV) 


1115.7 


PDG 


9nkk 


-13.24 


SU(3) + (f/d = 0.575 and g NN7T = 13.26) 


9-EKK 


3.52 


SU(3) + (f/d = 0.575 and 5ivJV7r = 13.26) 


9-S'KK 


5.58 


SU(3) ± (/jvatt = 2.23) 


9NAK* (k-nak* ) 


-6.11 (2.43) 


Ref. [15] (version NSC97f) 


9SAK* ( K SAK*) 


6.11 (0.65) 


Ref. [15] (version NSC97f) 


k At 


-0.613 


PDG 


A(1405) : 






m A (r A ) (MeV) 


1406.0 (50.0) 


PDG 


9nak 


±0.91 


SU(3) (flavor-singlet assumptions) 


9-AK 


±0.91 


bU(3) (navor-smglet assumptions) 




9 c i 


SWrmp mnHpl [1 fil nnitflri7pH PhPT [171 


Zj^iiyo^ . 








1 1 qq n 


pnp 
iULt 


Sjvek 


o.oo 




S=SK 


— 1.5.26 


bUf^oJ + (j/a — U.o/o ana g^wn = to. 2d) 


5h*ek 


^ 99 


CTT/Q\ I ff ArA — 9 9Q"\ 
OU^Oj "f- \jNAiT — Z.ZOj 


9NY.K* l K JVEK * J 




Ilcl. l-'-'-'J \VcIbllJIl iNOvjyil 1 


33EK* V K HEif*J 


Q (A OO") 




K E + 7> K E° 7 > K E- 7 


1 id net; f) 1fi 




A(1520) : 






m A (r A ) (MeV) 


1519.5 (15.6) 


PDG 


9nak 


-10.90 


PDG, SU(3) (flavor-octet assumption) 


9-3AK 




rU(j, ov{o) ^navor-octet assumption J 


K>A~f 


0.0 


assumption 


S(1385) : 






m E (r s ) (MeV) 


1384.0 (37.0) 


PDG 


SiVEif 


-3.22 


SU(3) ± (/iVAvr = 2.23) 


Seek 


-3.22 


SU(3) ± {f NA n = 2.23) 




-2.83 


SU(3) ± (/aatt = 0.8 from quark model) 


(1) (2) 
fliVEif * ' 5iVEif * 


-5.47, 0.0 


SU(3) ± (f NAp = 5.5) 


o (1) o (2) 


-5.47, 0.0 


SU(3) ± (f N A P = 5.5) 


K E+7' K E°7' K E-t, 


2.11, 0.32, -1.47 


quark model [18] 
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TABLE III: Electromagnetic transition coupling constants employed in the present calculation. The last column cites the 
sources for the respective values. PDG refers to Ref. [2]. 



spin- 1/2 <— > 


spin- 1/2 transitions 


9bb'-, 




A(1116) <-> 


A(1405) 


0.99 


quark model [19] 


A(1116) <-> 


E(1193) 


1.61 


PDG ± quark model 


A(1405) <-> 


E(1193) 


1.21 


quark model [19] 


spin- 1/2 <-» 


spin-3/2 transitions 


(51,52) 




A(1116) <-> 


A(1520) 


(±1.26, 0.0) 


CLAS data [20] 


A(1116) <-> 


E°(1385) 


(2.81,-2.37) 


chiral quark model [21] 


E°(1193) <-> A(1520) 


(±2.22, 0.0) 


PDG based on SU(3) assumption 


E+(1193) <-> E+(1385) 


(2.68, -0.72) 


chiral quark model [21] 


E°(1193) <-> E°(1385) 


(0.40, 0.31) 


chiral quark model [21] 


£"(1193) <• 


-> E"(1385) 


(1.15, -0.58) 


chiral quark model [21] 


S°(1530) <- 


» S°(1318) 


(3.02, -2.40) 


chiral quark model [21] 


H^(1530) <-> 3 _ (1318) 


(0.56, -0.16) 


chiral quark model [21] 






0.41 


PDG ± SU(3) 






-0.63 


PDG ± SU(3) 



for higher-mass resonances, A(1800)l/2 and 
A(1890)3/2+, as has been explained before. 



III. RESULTS 

We now turn our attention to the results of the present 
model. The strategy we follow here is as follows. For a 
given choice of the ps-pv mixing parameter and the signs 
of the coupling constants mentioned in items a) and b) 
above, we adjust the parameters of the baryonic form 
factor mentioned in item c) to reproduce the preliminary 
total cross section data [9] in the jp — > K + K + S~ chan- 
nel. We note that, in general, short-range processes are 
very sensitive to the hadronic off-shell form factors. In 
the present reaction, not only the absolute normalization, 
but also the energy dependence of the total cross section 
is found to be extremely sensitive to the baryonic form 
factor given in Eq. (A. 20) for low-mass resonance con- 
tributions. We also mention that the coupling constants 
used in the present model calculation were taken as the 
centroid values of those quoted in PDG [2] and other 
hadron model predictions whenever available. Hence, 
since these coupling constants generally are subject to 
considerable uncertainties, large uncertainties of compa- 
rable size can be expected for the resulting fitted param- 
eters of our model. 



A. Low-mass resonances 

We will first discuss the results considering only the 
low-mass hyperons [A(1116), A(1405), A(1520), £(1190), 
S(1385), S(1318), and S(1530)] whose relevant coupling 
constants can be determined from independent sources 



as given in Tables II and III. 5 Here, the signs of the cou- 
pling constants mentioned in item b) in the previous Sec- 
tion are chosen to be all positive. The adjusted baryonic 
form-factor parameters are Kb = 1225 MeV and n = 2 
for both the ps- (A = 1) and pv-coupling (A = 0) choices. 6 
The resulting total cross sections are shown in Fig. 2 for 
both choices of the ps-pv mixing parameter A = and 
A = 1. The solid curves in Fig. 2 are the sum of all con- 
tributions and reproduce the basic features exhibited by 
the available preliminary data from the CLAS Collabo- 
ration [9] quite well. The predicted total cross sections 
for the other channels jp —> K + K a E°, jn — ■> K + K°E.~, 
and 7n — > K a K 0, EP are much larger than those for the 
jp — ► K + K channel. Both choices of the ps-pv mix- 
ing parameter A(= 0, 1) yield results (solid curves) which 
are close to each other in the energy region considered, 
especially, in the 7^ — ► K + K + E~ channel where the data 
exist. However, their dynamical contents are quite dif- 
ferent. The dashed curves correspond to the contribu- 
tions from the diagrams in Fig. 1 which involve only the 
spin-1/2 hyperons in the intermediate state, while the 
dash-dotted curves correspond to those involving one or 
more spin-3/2 hyperons. One can see that the latter 
dominates in all the channels for the ps-coupling choice, 
while the former can be the dominant contribution for 
the pv-coupling choice depending on the reaction chan- 



5 We have also considered the A(1232) resonance which may con- 
tribute to the present reaction through diagram (c) in Fig. 1. 
However, its contribution is negligibly small. 

6 We have varied the value of n together with the cutoff param- 
eter Ag, and found that n = 2 gives a good description of the 
preliminary total cross section data not only in the magnitude 
but in the energy dependence as well. For n = 1, the total cross 
section keeps increasing as the incident photon energy increases. 



6 



20 

10 


80 

40 

S 
D 80 

40 


80 




i < - f-j-T-f 'T'T ' 



yp -> K K S 



+ 



fr"t"ii"^t"f 



yn -» K K S 















— i— 


— i — 



T -0 T _0„0 

yn->K K ^ 




T y (GeV) 



4H 



20 

10 


80 

40 





D 80 

40 


80 



1 I 1 I 1 I 1 I 1 I 1 
yp -» K + K + S" 




4 1 J I I 



i "i 1 ~l — | ~'t'" | 'i"~ r T 1 



T .+ T _o„o 
Yp -» K K E 



' I ' I ' 



yn -» K K S 




T .o T n o 
yn -> K K E 




T y (GeV) 



FIG. 2: (Color online) Total cross sections for 'yN — > KK3 according to the mechanisms shown in Fig. 1 as a function of 
photon incident energy T 7 for (a) pseudovector (A = 0) and (b) pseudoscalar (A = 1) couplings. The dashed curves correspond 
to the contribution from the diagrams involving only the spin- 1/2 hyperons, while the dash-dotted curves correspond to the 
contribution from the diagrams involving one or more spin-3/2 hyperons. The solid curves represent the total contribution. 
The (preliminary) data are from Ref. [9], where the open boxes are obtained without the differential cross section measurement. 



nel. Note, especially, that in the jp — > K + K + Z~ chan- 
nel, the dominant contribution comes from the diagrams 
involving only spin- 1/2 hyperons for the pv-coupling and 
from the diagrams involving one or more spin-3/2 hyper- 
ons in the case of the ps-coupling choice. 

Shown in Fig. 3 is the dynamical content of our model 
for the pv-coupling choice. We see that among the spin- 
1/2 hyperon contributions [Fig. 3(a)] to the total cross 
section results in Fig. 2, the dominant one is by far the 
spin- 1/2 «-> spin-1/2 radiative transition represented by 
the diagram Fig. 1(d) with Y ^ Y'. The other dia- 
grams yield negligible contributions. Among the dia- 
grams containing one or more spin-3/2 hyperon, the dom- 
inant contributions are either the spin-3/2 <-> spin-1/2 
radiative transition or the spin-3/2 resonance contribu- 
tion, Fig. 1(d) with Y — Y' , depending on the reaction 
channel. 

Similarly, Fig. 4 shows the dynamical content of our 
model for the ps-coupling choice. Here only those dia- 
grams involving one or more spin-3/2 hyperon are shown. 
The contributions from the spin-1/2 hyperons are small 



in all the reaction channels as shown in Fig. 2. As one 
can see, in the jp — ► K + K + E~ and 771 — » K°K°E° chan- 
nels, the spin-3/2 «-> spin-1/2 radiative transitions (solid 
curves) are, by far, the dominant processes. In other 
channels, there are competing mechanisms, namely, the 
spin-3/2 resonance contribution represented by Fig. 1(d) 
with Y = Y' (dashed curves) and the 3(1530) «-> 3(1318) 
radiative transition, Fig. 1(e) (dash-dotted curves), in ad- 
dition to the spin-3/2 <-> spin-1/2 radiative transitions. 

Figure 5 shows the model predictions for the angular 
distributions of the produced cascade S~ and kaon K + 
in the center-of-mass frame of the total system. They 
correspond to the total cross section results of Fig. 2. 
We present the results for four different photon energies, 
spanning the energy region relevant to ongoing cascade 
photoproduction experiment at JLab [9, 22]. One can see 
that the cascade angular distribution becomes forward- 
angle peaked as the energy increases, while the K + distri- 
bution becomes backward-angle peaked. This tendency is 
stronger with the ps-coupling choice. Here, we note that 
the shapes of the angular distributions are sensitive to 
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FIG. 3: (Color online) (a) Breakdown of the spin-1/2 hyperon contributions to the total cross section for 77V — » KK~E shown 
in Fig. 2(a) for the pv-coupling choice according to the mechanisms shown in Fig. 1. The solid curves correspond to the 
contributions from the radiative transition diagram Fig. 1(d) with 7 / F' and the dashed curves to the total contribution 
from the spin-1/2 hyperons [same as the dashed curves in Fig. 2(a)]. (b) Same as (a) but for the processes involving one or 
more spin-3/2 hyperon. The dashed curves correspond to the spin-3/2 resonance contribution Fig. 1(d) with Y = Y' and the 
dash-dotted curves to the total contribution [same as the dash-dotted curves in Fig. 2(a)]. The solid curves correspond to the 
spin-3/2 <-> spin-1/2 radiative transition diagram Fig. 1(d) with Y 7^ Y' . Contributions from the other diagrams in Fig. 1 are 
too small and, therefore, not shown here. The (preliminary) data are from Ref. [9]. 



the production mechanism. In particular, the exhibited 
shapes of the angular distributions are due to the domi- 
nance of the spin-1/2 <-> spin-1/2 hyperon radiative tran- 
sitions [diagram Fig. 1(d)] for the pv-coupling choice and 
of the spin-3/2 <-> spin-1/2 hyperon radiative transitions 
for the ps-coupling choice, as shown by the corresponding 
dotted lines in the left panel of Fig. 5 for T 7 = 3.80 GeV. 
Note that the different behavior of the angular distribu- 
tion in the forward (backward) S~ (K + ) angles between 
the pv- and ps-coupling choices is caused by the radiative 
transition diagrams. We also note that the S~ and K + 
angular distributions are not completely independent of 
each other, because, in the center-of-momentum (cm.) 
frame of the system, energy-momentum conservation de- 
mands that if one of the K + is emitted in forward (back- 
ward) angles, the S - be emitted necessarily in backward 
(forward) angles for sufficiently high incident energies. 
We emphasize that the shape of the angular distribution 



can change completely from that predicted in Fig. 5 if 
the dominant production mechanism is the t-channel K- 
exchange current [diagrams Figs. l(a,b)] instead of the 
radiative transition current. 7 As we shall show in the 
following subsection, such a situation is possible when 
contributions from the higher mass resonances are con- 
sidered. 

Displayed in Fig. 6 are the predictions for the K + E~ 
and K + K + invariant-mass distributions, respectively, in 
7P — > K + K^'Er . Again, they correspond to the total 
cross-section results in Fig. 2. As has been pointed out al- 
ready in connection with the total cross sections in Fig. 2, 
here the results do not exhibit any resonance structure 



7 Among the various production mechanisms considered in this 
work, only the i-channel i^-exchange process [diagram Fig. 1(a)] 
exhibits the backward-peaked angular distribution for H~ . 
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FIG. 5: (Color online) Predicted angular distributions for the 
(a) and (b) K + particles for 7p — > K + K + ~E~ in the center- 
of-mass frame corresponding to the results of Fig. 2 with the 
pv- (solid curves) and ps-coupling (dashed curves) choices. 
The number in the right upper corner of each figure indicates 
the incident photon energy T 7 in units of GeV. The dotted 
curves at T 7 = 3.80 GeV in (a) represent the radiative tran- 
sition contributions corresponding to Fig. 1(d) with Y Y' . 



in the K +f Er invariant mass distribution because all the 
hyperon resonances considered here lie below the pro- 
duction threshold. The absence of any structure in the 
K + K + invariant mass distribution is due to the absence 
of S = +2 exotic meson production. 



B. Higher-mass resonances (I) 

We now explore the possible influence of the higher- 
mass S = —1 hyperon resonances. Since the higher hy- 
peron resonances lie close to or above the threshold en- 
ergy of 5 production (see Table I) , it is natural to expect 
them to play a more prominent role than the low-mass 
hyperons. However, because of the lack of sufficient infor- 
mation to extract the necessary parameter values associ- 
ated with these high-mass resonances, here we consider 
the hyperon resonances A(1800)l/2" and A(1890)3/2+, 
as discussed in Sec. II. Since no parameters other than the 



NYK coupling constants g NYK are known, we consider 
the diagrams of Figs. l(a)-(g), where Y = Y' in diagram 
Fig. 1(d). This introduces the coupling constant g SY K as 
the additional free parameter as we neglect the magnetic 
moments of these A resonances. Then, since only the 
product <Jnyk9~,yk enters into the calculation of these 
processes, we explore the influence of the higher-mass 
resonances as a function of this product of the coupling 
constants. 

Figure 7 shows the results for the total cross sec- 
tions for 72V — > KK'E, when the above-mentioned higher- 
mass resonances are included in addition to the low- 
mass resonances discussed in the previous subsection. 
Here, the product of the coupling constants is fixed to be 
9nak9eak — ^ for both resonances assuming that g^ K 
has the same order of magnitude as 5jvAif ■ The values 
of As = 1170 MeV and n = 2 were readjusted to re- 
produce the measured total cross section [9] . Everything 
else is kept the same as in the previous subsection. We 
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FIG. 6: (Color online) Predicted invariant-mass distributions 
for (a) K + S~ and (b) K + K + for 7 p -> K + K + E~ corre- 
sponding to the results of Fig. 2 with the pv- (solid curves) 
and ps-coupling (dashed curves) choices. The number in the 
right upper corner of each subpanel indicates the incident 
photon energy in units of GeV. 



then obtain essentially the same results as in the previous 
section where only the low-mass hyperons were consid- 
ered. This shows that the total cross sections alone are 
unable to distinguish the contributions from the low- and 
high-mass hyperons. We emphasize, however, that this 
is not the case when we consider the total cross section 
in conjunction with the angular distributions of the pro- 
duced cascade and/or kaons. In fact, for example, when 
we insist that the resulting shape of the S~ and/or K + 
angular distributions be of the form shown in Fig. 9 (see 
below) , we could not reproduce the measured energy de- 
pendence of the total cross section in jp — » A + A + S~ 
without both the high-mass hyperons considered here. 
This reveals that this reaction is, in fact, suited for ex- 
tracting information on the high-mass hyperons. We also 
repeat that the i-channel KN — > KS process and meson- 
production processes are absent in the present reaction, 
which is a feature that makes this reaction more suitable 
for studying high-mass hyperon resonances. 

The dynamical content of the model considered in this 
subsection is shown in Fig. 8 for the case of the pv- 
coupling choice. As can be seen, contrary to the re- 



sults of the previous subsection, we now have the t- 
channel A"-exchange mechanism [Figs. l(a,b)] compet- 
ing with the radiative transition mechanism depending 
on the reaction channels. Similar observations can be 
made for the case of the ps-coupling choice. Note that 
in the jp — » A + A + S~ channel, the A-exchange is, 
by far, the dominant contribution arising from the di- 
agrams involving the spin-3/2 hyperons. Of course, in 
the jn — » A°A°S° channel, the A-exchange mechanism 
is simply absent. 

In Fig. 9, we show the model predictions for the angu- 
lar distributions of the produced S~ and A + in the cm. 
frame of the total system. They correspond to the total 
cross section results of Fig. 7. Here we see that the shape 
of the angular distributions are just the opposite to those 
shown in Fig. 5, where only the low-mass hyperons were 
considered. Here, the backward- (forward-) peaked an- 
gular distribution of S~ (A + ) is due to the dominance 
of the i-channel A-exchange process, Figs. l(a,b). This 
is illustrated in Fig. 10 at T 7 = 3.80 GeV for the pv- and 
ps-coupling choices. It is a simple matter of kinematics 
that the t-channel processes contribute mostly for low t 
and high incident energies which leads to the forward- 
peaked A + angular distribution as the incident photon 
energy increases. In the cm. frame this, in turn, leads to 
the backward-peaked S~ angular distribution. It is obvi- 
ous, then, that the angular distributions can tell us about 
the EE - production mechanism, in particular, whether the 
dominant mechanism is the radiative transitions (as in 
the previous subsection) or the i-channel A-exchange (as 
shown here). In the jn — > A°A°S° reaction channel, the 
latter mechanism, of course, is absent. 

In Fig. 11, we display the predictions for the A + S~ 
and A + A + invariant-mass distributions in 77) — > 
A + A + S~. Again, they correspond to the total cross sec- 
tion results in Fig. 7. Since we do not have S = +2 exotic 
meson production, the A + A + invariant-mass distribu- 
tions are very similar to those shown in Fig. 6 and have 
no structure. However, the A + S _ invariant-mass dis- 
tributions are quite different from those shown in Fig. 6 
for, here, they exhibit two bump structures as the inci- 
dent photon energy increases. The A(1800) hyperon is 
just below the threshold and contributes to the sharp 
rise of the A + S _ invariant-mass distribution near the 
threshold. The bump at lower invariant mass is due to 
the A(1890) hyperon. The second bump at higher invari- 
ant mass is due to the same hyperon A(1890), but comes 
from the diagram Fig. 1(b). We emphasize that the ap- 
pearance of a second bump at a higher invariant mass is 
a general feature of two-meson production reactions and 
should not be confused with the existence of another res- 
onance with a higher mass. Note that the position of the 
second bump changes depending on the photon energy, 
which evidently makes it clear that the structure does 
not come from a resonance. 

As we have shown, the angular distributions of S - 
and A + are sensitive to the production mechanism of 
7P — > A + A + S~. In particular, depending on whether 
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FIG. 7: (Color online) Same as Fig. 2, but with the addition of the higher-mass hyperons A(1800)l/2" and A(1890)3/2 4 



the dominant mechanism is the radiative transition or 
t-channel if-exchange, the shape of the angular distribu- 
tion can change completely. However, one should keep 
in mind that most of the parameters in the present work 
have been fixed based on quark models and/or SU(3) 
symmetry considerations in combination with indepen- 
dent experimental information whenever available. The 
parameter values estimated in this way may, therefore, be 
subject to considerable uncertainties. In particular, one 
cannot completely discard the possibility that reaction 
mechanisms other than the i-channel X-exchange might 
lead, for example, to backward- (forward-) peaked S~ 
(K + ) angular distribution through the interference with 
the radiative transition mechanisms. It is interesting, 
therefore, to look for an independent observable which is 
also sensitive to the production mechanisms other than 
the differential cross sections. 

Our predictions for the photon beam asymmetry, 



_ cr(A = +1) - cr(A = -1) 



a(A = +l) + a(A 



(3) 



where <x(A) denotes the cross section with the linear pho- 
ton polarization along the y-axis (A = +1) and x-axis 
(A = —1), are shown in Fig. 12 as a function of the 
S~ emission angle. The solid and dashed curves cor- 



respond to the predictions of the model in the present 
work with the pv- and ps-coupling choices, respectively. 
In Fig. 12(b), we display the results of the model of 
the present subsection. First, we see that both curves 
are practically the same. Second, they are largely neg- 
ative at backward angles, a feature that becomes more 
pronounced as the photon energy increases. This is a 
characteristic feature of the i-channel i^-exchange mech- 
anism. As noted before, i-channel processes contribute 
mostly at small t and higher incident energies. In the cm. 
frame, this implies a backward-angle emission of the S~ 
hyperon. Now, the beam asymmetry due to the i-channel 
if-exchange corresponding to Fig. 1 (a) alone is identical 
to Sb = — 1, since the three- momentum ^ of the emit- 
ted K + can be chosen to be in the xz-plane without loss 
of generality. Given in Fig. 12(a) are the correspond- 
ing predictions of the model discussed in the previous 
subsection, Sec. Ill A, where the radiative transition di- 
agram [Fig. 1(d) with Y ^ Y'\ dominates. We see that 
they are small and positive for most S~ emission an- 
gles, which is very different from the model results of the 
present subsection [Fig. 12(b)]. This, therefore, demon- 
strates that the beam asymmetry can be used as another 
independent observable to identify the relevant produc- 
tion mechanisms, i.e., whether the i-channel K exchanges 
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FIG. 8: (Color online) Same as Fig. 3, but for the results shown in Fig. 7(a) with the pv-coupling choice, (a) The solid curves 
correspond to the contribution from the radiative-transition diagram Fig. 1(d) with r" / Y' and the dotted curves to the 
if-exchange diagrams of Figs. l(a,b). The dashed curves represent the total contributions from the spin- 1/2 hyperons and are 
taken over from Fig. 7. (b) The dashed curves correspond to the diagram Fig. 1(d) with Y = Y' and the dotted curves to the 
if -exchange diagrams of Figs. l(a,b). The solid curves are for the spin-3/2 <-> spin- 1/2 radiative transition diagram Fig. 1(d) 
with 7 / y'. The dash-dotted curves are the total contribution taken over from Fig. 7(a). The other contributions are too 
small and are not shown here. 



dominate or the radiative transition diagrams dominate. 

Here, it should be noted that, in general, spin observ- 
ables are much more sensitive to the details of theoretical 
models, in particular, to the background FSI effects. As 
mentioned in Sec. I, the latter is not considered in the 
present work. However, to the extent that the kaons 
couple strongly to the (high-mass) spin-1/2 hyperon res- 
onances, the features just discussed above for the beam 
asymmetry should hold. 8 The same observation applies 
for the target asymmetry discussed below. For all the 
observables considered so far in the present work, the 
pv- and ps-coupling schemes give very similar results to 
each other, although the dynamical contents can differ 
substantially from each other. In particular, the dom- 
inant contribution to the total cross sections can arise 



Note that the pole part of the FSI is accounted for by the reso- 
nances. 



either from the spin-1/2 or spin-3/2 hyperons depending 
on the choice of the pv- or ps-coupling at the BYK ver- 
tex for spin-1/2 baryon B and hyperon Y (cf. Figs. 2 and 
7). In an effort to distinguish between the two coupling 
schemes, we have computed the target asymmetry which 
is defined as 

y _ ^(V = +1) - T(X N = -1) ( ) 

T ~ a(\ N = +l) + a(\ N = -l) ' 1 > 

and found that it can provide a tool for testing these 
coupling schemes. Here, ct(\n = ±1) denotes the cross 
section with the polarized target nucleon along the ±y- 
axis. In Fig. 13, the predictions of this subsection's 
model for the target asymmetry are shown. As can be 
seen, the predictions corresponding to the pv-coupling 
(solid curves) differ markedly from those corresponding 
to the ps-coupling (dashed curves) at backward angles. 
Note that the sensitivity to the ps-pv mixing parame- 
ter at backward angles is due to the strong ^-channel 
JsT-exchange contribution and arises from the fact that 
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the ps-coupling involves 75 while the pv-coupling involves 
151^1^ a t the meson-baryon vertex. The latter leads 
to an amplitude which contains an extra er • q factor as 
compared to the former choice. Therefore, the target 



asymmetry offers a potential means of distinguishing the 
two types of couplings at the BYK vertex. The larger 
difference between the pv- and ps-coupling at low ener- 
gies arises from the A(1800)l/2~ resonance contribution 
which is just below the threshold energy. 
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double-dotted curve is due to the i-channel /("-exchange in- 
volving one or more spin-3/2 hyperons. They all correspond 
to the pv-coupling choice. Same in the right panel, but with 
the ps-coupling choice. 



C. Higher-mass resonances (II) 

In the remaining part of this Section we further ex- 
plore the influence of the undetermined parameters in 
the present work. Specifically, in this subsection we con- 
sider the negative signs for the parameters mentioned in 
item b) of Sec. II. In this discussion, we restrict ourselves 
to the pv-coupling choice. 

Presented in Fig. 14 are the results for the total cross 
sections. The cutoff parameter As — 1250 MeV and 
the exponent n — > 00 have been readjusted to repro- 
duce the preliminary total cross section data in the 
7P — » K + K +, Er reaction channel. The baryonic form 
factor in Eq. (A. 20) then corresponds to a Gaussian form 
with the width of 1250 MeV. In addition, we have also ad- 
justed slightly the mass of the two higher-mass hyperons 
to be to a1 / 2 - = 1850 and m^ 3 / 2 + = 1950 MeV to re- 
produce the total cross section data. Note that the PDG 
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FIG. 12: (Color online) Photon asymmetry as a function of 
the H~ emission angle in the cm. frame in 'yp — * K + K + E~ 
for the models discussed in (a) Sec. Ill A (with only low-mass 
hyperons) and (b) Sec. IIIB [with, in addition, the higher- 
mass A(1800) and A(1890) hyperons], respectively. The solid 
and dashed curves correspond to the predictions of the model 
with the pv- and ps-coupling choices, respectively. 
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FIG. 13: (Color online) Target asymmetry as a function of 
the H~ emission angle in the cm. frame in 7p — > K + K + S~ . 
The solid and dashed curves correspond to the predictions of 
the model in Sec. IIIB for the pv- and ps-coupling choices, 
respectively. 
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FIG. 14: (Color online) Same as Fig. 7(a), but with the signs 
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masses for the A(1800) and A(1890) are in the range of 
1720 - 1850 MeV and 1850 - 1910 MeV, respectively. 
The product of the coupling constants 9nak9~ak = 2 for 
both the A(1850)l/2- and A(1950)3/2+ hyperons have 
been kept as in the previous subsection so as to result in 
the similar 5~ and K + angular distributions as in Fig. 9. 
The corresponding angular distributions are displayed in 
Fig. 15. 

Figure 16 presents the predictions for the A" + S~ 
and K + K + invariant mass distributions, respectively, in 
7P — * K + K + 3~ . They correspond to the total cross 
section results in Fig. 14 and exhibit similar features to 
those shown in Fig. 11 in the previous subsection, al- 
though here the two bumps are more symmetric. 



D. Higher- mass resonances above 2 GeV 

The structure of the K +r Er invariant mass distribution 
predicted in Figs. 11 and 16 may change qualitatively if 
there is a significant contribution from some additional 
resonances in the 2.0 GeV mass region. In fact, there are 
well established spin-5/2 and -7/2 A and S hyperons with 
masses around 2.05 GeV (cf. Table I) which may poten- 
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tially affect the AT + S~ invariant mass distribution in this 
energy region. It is conceivable, therefore, that these res- 
onances may be capable to fill up the valley between the 
two bumps in the predicted invariant mass distribution 
seen on the left-hand sides of Figs. 11 and 16. However, 
as explained in the Introduction, since there is no detailed 
dynamical information available about these resonances, 
their inclusion into our model would be very speculative 
and an investigation of the detailed effects of such higher- 
spin resonances should be left for future work. However, 
the question as to whether some resonance in the 2-GeV 
region can fill the valley can be addressed qualitatively by 
simulating high-spin resonances by a fictitious hyperon 
resonance in this energy region. Concretely, therefore, 
in addition to the known A(1800)l/2~ and A(1890)3/2+ 
states (and the low-mass hyperons considered in the pre- 
vious subsections), we employ a (fictitious) A(2050)3/2 + 
resonance with r A ( 20 5o) = 200 MeV. The product of 
the coupling constants gNAKgsAK — 2 for A(1800), 
9nak9sak = L2 for A(1890), and g NAK g SAK = (1.2) 2 
for A(2050) are used, in conjunction with the cutoff pa- 
rameter Ab — 1250 MeV and n — > oo in order to repro- 
duce the measured total cross section [9] and keep the 
shape of the S~ and K + angular distributions backward- 
and forward-peaked, respectively, as in Fig. 15. We re- 



frain from showing the corresponding total cross section 
and angular distribution results here because they are 
practically the same as those shown in Figs. 14 and 15. 

As can be seen in Fig. 17, the bump structures indeed 
have disappeared completely due to the A(2050) reso- 
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FIG. 17: (Color online) Same as Fig. 16, but with the addi- 
tional (fictitious) A(2050)3/2 + resonance (see text for detailed 
explanation) . 
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nance whose contribution fills up the valley in the K + "E,~ 
invariant mass around m K + s - = 2 GeV seen in Figs. 11 
and 16. We may expect, therefore, that a similar effect 
will also occur when the known higher-spin resonances in 
this energy range are considered. 

These considerations show that the study of S photo- 
production may provide useful information about higher- 
mass hyperon resonances which makes it all the more de- 
sirable to have more rigorous investigations that provide 
a better understanding of the dynamics of such higher- 
mass and higher-spin resonances. 



IV. SUMMARY 

In summary, we have explored the reaction 7A — > 
KKE. within a relativistic meson-exchange model of 
hadronic interactions. This is the first theoretical inves- 
tigation of this reaction in connection with the cascade 
spectroscopy program initiated recently by the CLAS 
Collaboration at JLab [5-7, 9]. 

Most of the parameters of the model involving the 
low-mass hyperons in the intermediate states were de- 
termined from the empirical data and/or quark models 
and SU(3) symmetry considerations. It is found that 
the dominant reaction mechanism arising from those low- 
mass hyperons is the radiative transitions [cf. Fig. 1(d) 
with Y ^ Y'], especially, for producing the S~ in the 
7P — > K + K +, £~ reaction, which is currently under in- 
vestigation by the CLAS Collaboration at JLab [9] . This 
production mechanism is also found to lead to a forward- 
backward-) peaked angular distribution of the produced 

We have also explored the possible influence of the 
higher-mass hyperons in — ► KKE, which are ex- 
pected to contribute more significantly to this reaction 
than the low-mass hyperons because they are energeti- 
cally more favored than the latter resonances. The dif- 
ficulty in quantifying the contributions from these high- 
mass hyperons is the complete lack of information about 
the strengths of their couplings to the cascade baryons. 
Nevertheless, we have shown that these high-mass res- 
onances may lead to a dominance of the i-channel K- 
exchange mechanism for producing the cascade baryons. 
Moreover, the angular distribution of the produced S~ 
and the photon asymmetry in 7p — > K + K +r Er were 
shown to offer two independent ways of possibly distin- 
guishing between the t-channel if-exchange and the ra- 
diative transitions as the dominant mechanisms for S~ 
photoproduction. The target asymmetry was also shown 
to possibly impose constraints on the ps-pv mixing pa- 
rameter at the BYK vertex involving spin-1/2 baryons. 

In addition, the K + "Er invariant-mass distribution in 
7P — > K + K +, Er yields a clear information on the high- 
mass hyperon resonance contributions. However, care 
must be taken to avoid misidentifying the second bump 
structure, which is kinematic in origin, with the for- 
mation of a higher-mass resonance during the reaction. 



Moreover, the non-existence of the bump structure in 
the K + E~ invariant mass distribution may happen due 
to the overlap of broad resonances as we have explicitly 
shown in Fig. 17. These findings show that £ photopro- 
duction is indeed well suited for investigating the prop- 
erties of higher-mass hyperon resonances. 

We conclude from the present work that one needs to 
consider concomitantly not only the total cross sections 
and their angular distributions but also other observ- 
ables, such as invariant-mass distributions, beam asym- 
metries, and target asymmetries, in order to learn about 
the cascade photoproduction reaction. This is required, 
especially when the reaction mechanism is unclear as in 
the current case. These observables have different role in 
identifying the production mechanisms. 

Finally, the present effort is just a first step toward 
building a more complete and realistic model for describ- 
ing cascade baryon photoproduction off nuclcons. Our 
findings should be useful for future investigation of this 
reaction both experimentally and theoretically. Experi- 
mentally, we are aware of that the CLAS Collaboration 
is currently analyzing the 7p — > K + K + 5 _ reaction and 
extracting the angular distributions of S~ and K + as 
well as the K + E~ and K + K + invariant-mass distribu- 
tions [22] in addition to the total cross sections. As we 
have shown, these observables will certainly be very im- 
portant in learning about this reaction. Also, it would 
be very interesting to have the beam and target asym- 
metries measured in future experiments. Studying the 
reaction channels other than 7p — ► K + K + Er is also 
required, for these will help disentangle the isoscalar A 
and isovector S hyperon contributions. Theoretically, 
we should investigate the effects of the other higher- 
mass baryon resonances, not only those of the rather 
well-established J p = l/2~ and -3/2+ resonances that 
have been neglected in the present study but, especially, 
those of higher-spin (spin-5/2 and -7/2) resonances (cf. 
Table I). Furthermore, in future works, one should in- 
vestigate the KE final-state interaction and other effects 
mentioned in the Introduction which were not considered 
in the present study due to the present lack of detailed 
information about the relevant reaction dynamics. Evi- 
dently, the production of S(1530) should be considered 
as a next step in the cascade spectroscopy program. 
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APPENDIX 

The interaction Lagrangians used to construct our 
model for the production amplitudes shown in Fig. 1 are 
given in this Appendix. For further convenience, we de- 
fine the operators 



f (+) = 



7e 



and 



1. 



(A.l) 



The following Lagrangians describe the hadronic ver- 
tices: 

BYK Lagrangian (B = spin-1/2 baryon, Y = spin-1/2 
hyperon) : 



*(±) 

-BYK 



T9BYK 

i\KYt (±) 



+ H.c, 



1-A 
my ± m B 



B 



(A.2) 



where B, Y , and K stand for the baryon, hyperon, and 
kaon fields, respectively. The upper and lower signs refer 
to whether B and Y have the same parity (+) or the 
opposite parity (— ). The masses my and tub are those 
of the hyperon Y and baryon B, respectively, and the ps- 
pv mixing parameter is denoted by A. For an isovector 
hyperon, Y — > Y ■ r (Y — > r • Y) if B is an isospin- 
1/2 baryon. If B is an isospin-3/2 baryon instead, Y — > 
Y ■ (Y — > T • Y), where T is the isospin transition 
operator whose definition may be found elsewhere, e.g., 
in Ref. [13]. 

BYK* Lagrangian (B = spin-1/2 baryon, Y = spin- 
1/2 hyperon): 



-BYK* 



-g BYK .BT™ 



''BYK* 



m 



o^Yd v K\ 



N 



H.c. 



(A.3) 



BYK Lagrangian (B = spin-1/2 baryon, Y = spin-3/2 
hyperon) : 

^^W^j^fWB + H.c, (A.4) 



where uik stands for the kaon mass. 

BYK* Lagrangian (B = spin-1/2 baryon, Y = spin- 
3/2 hyperon): 

(2) 

9byk 



(2rn N ^ d ^ f{±)B + R - C -> 



(A.5) 



where F* v = d^K* v - d v K*» and m N is the nucleon 
mass. 



BYK Lagrangian (B — spin-3/2 baryon, Y = spin-3/2 
hyperon) : 



4y* = S -^B V W Y V &K + H. c. 



(A.6) 



The electromagnetic vertices are derived from the fol- 
lowing Lagrangian densities. 

BB^f Lagrangian (B — spin-1/2 baryon): 



-SB7 



-B 



2m N ' A » 



B, (A.7) 



where stands for the photon field and e B is the charge 
operator of the baryon while e stands for the elementary 
charge unit. The baryon's anomalous magnetic moment 
is given by k b in units of nuclear magneton. 

YY'-y transition Lagrangian (Y = spin-1/2 hyperon, 
Y' = spin-1/2 hyperon): 

4y< 7 = e^ 21 ^ Y't^a^A^Y + H. c. (A.8) 
zm^y 

YY'"f Lagrangian (Y = spin-1/2 hyperon, Y' = spin- 
3/2 hyperon): 



A±) _ ■ eg! i^vyl f(±W 



N 



^l-A^id^f^Y + H.c. 



(2m N ) 



where A^ v = d^A v - d v A». 

BB"f Lagrangian (B = spin-3/2 baryon): 



(A.9) 



CBB-t = B^e B ^ a ^g llv -^{ llllv + lvlll )^A a B v 
<J av {d v A a ) 



2m 



-Bp. 



(A.10) 



N 



BYK-f Lagrangian (B — spin-1/2 baryon; Y = spin- 
1/2 hyperon): 



C-BYK-f - -zQbyk 



+ H.c. 



1 - A 



m Y ± m B 



K(I x F) 3 f ( ± )7„A"B 
(All) 



where I = r or T if B is an isospin- 1/2 or -3/2 baryon. 

BYK j Lagrangian (B = spin-1/2 baryon; Y = spin- 
3/2 hyperon): 

Cbykj = -e^^K(Y^ x I%A»B + H. c. (A.12) 



K 



In addition, the KKj and KK*-f interactions are 
C KKl = ie (K-(d^K+) - (d^K-)K+) A», (A.13) 
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and 



C 



KK*~/ 



(d a K*°)K° + (d a K;°)K° 



K 



(d a K-f)K+ + {d a K*+)K 







(A.14) 



respectively. 

The coupling constants in the above interaction La- 
grangians are given in Tables II and III. We use the prop- 
agators for spin-1/2 and 3/2 resonances introduced in 
Ref. [23] , which are consistent with the above interaction 
Lagrangians and the Ward-Takahashi identity. Specifi- 
cally the propagator for a spin-1/2 resonance, with mass 



m R and width T, reads 



5i/ 2 (p) = 



TO, 



+ |r' 



and that for a spin-3/2 resonance is 



5*3/2 0) 



(fi - m R )g - i—T 



where all indices are suppressed. Here, g 
metric tensor and 



(A.15) 

(A.16) 
t v is the 



A EE A^ 



-r 



(A.17) 

The pseudoscalar and vector meson propagators are 



where m B denotes the mass of the baryon. The cutoff 
parameter A b and n are kept the same for all the baryons 
in order to minimize the number of parameters and they 
are treated as free parameters to be adjusted. The above 
form of the form factor reduces to a Gaussian function 
with a width A^ in the limit of n — ► oo. The function 
f M is given by 



f K (q 2 ) 



4-< 

A 2 K -q 2 ' 



f K 4q 2 ) = exp 



rn 



K* 



A 2 



(A.21) 



for pseudoscalar (M = K) and vector (M — K*) meson, 
respectively. Here, the cutoff parameters are fixed to be 
A K = 1300 MeV and A K * = 1000 MeV. 9 The Gaussian 
form factor for the vector meson K* is motivated by the 
work of Rcf . [24] , where the same form has been employed 
in a three-dimensional approach. However, other forms 
such as the dipole form factor can be employed as well 
without changing the results qualitatively. 

Keeping gauge invariance of the reaction amplitude is 
not a trivial task when phenomenological hadronic form 
factors are present. Here, gauge invariance is maintained 
through phenomenological contact currents [diagrams (f ) 
and (g) in Fig. 1] based on the Ward-Takahashi identity 
by extending the method of Ref. [25] for one-meson pho- 
toproduction to two-meson photoproduction processes. 
Explicitly, they are given by 



C? - T^ie^ - e B R\) + I^Cf , (A.22) 



where 



Ao(g) 
D""(g) 



■q*q v /r 



q 2 - m 2 , 



(A.18) 



respectively, where m p denotes the mass of the pseu- 
doscalar meson and m v the vector meson mass. 

Our model contains form factors at the hadronic and 
electromagnetic vertices to account for the composite na- 
ture of the hadrons. Currently no theory is available to 
calculate these form factors from more basic principles. 
Here, they are introduced phcnomcnologically. We use 
the separable form for the form factor at the baryon- 
baryon-meson vertex, 



F{p'\p\q')=f B {p")f B {p 2 )f M {q 2 ) , 



(A.19) 



where p' 2 and p 2 denote the momentum of the outgoing 
and incoming baryon, respectively, and, q 2 is the momen- 
tum of the meson at the hadronic vertex. The function 
f B is given by 



f B ( P 2 ) 



nA% 



(p 2 



m 2 B ) 2 



(A.20) 



1 1 h-q 2 

(2p + ky 



(R tl - A) 



_ { 2p-2q 1 + k y fa_ Pi y {AM) 

Ui — S2 V / 

with 

Fi = Ri + -LiSiRt, - Ri)(S t R Sl - Ri)(8 B Ri - Ri) 
R 1 

(A.24) 

(which corresponds to an off-shell generalization of 
Ref. [26]) and 



Cg = ^ c2 (e B R 2 - e f Ru 2 ) + T 2 C^ 



(A.25) 



9 We have explored the sensitivity of the results to the cutoff pa- 
rameters Am (M = K,K*) and found that they are not as sen- 
sitive as to the parameters (Ag,n) of the baryonic form factor. 
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where 



{2q 2 - ky 



*2 - 

(2p> 



F 2 



- e, 



) 

{2 P ' - 2q 2 + ky 



ky 

n /2 



Rt. 



s 2 - Ul 



(R 2 - F 2 ) , (A.26) 



with 



1 



F 2 = R 2 + -j-(5 2 R t2 - R2)(S f R U2 - R2)(5 B R2 - Ri). 

(A.27) 

In Eq. (A.22), l and Ti denote the bare NYK-y and 
NYK vertex, respectively. Likewise, in Eq. (A. 25), r(f 2 
and T2 denote the bare SYK'y and EYK vertex, re- 
spectively. They are obtained from the interaction La- 
grangians Eqs. (A. 2) and (A. 11) for spin-1/2 hyperons 
and Eqs. (A. 4) and (A. 12) for spin-3/2 hyperons. Here, 
e i , ej, e 1 , and e 2 denote the combined charge-isospin op- 
erators of the nucleon in the initial state, cascade, and 
the kaons 1 and 2 in the final state, respectively, and 
e B = 6f + e 2 = e i — e 1 . (Up to an isospin-dependcnt 
factor, the e x are effectively the charges of the respective 
particles; see Ref. [25] for details.) For non-zero charges 



e x , one has 5 X = 1, and zero otherwise. i?'s and i?'s in 
the above equations are hadronic form factors given by 
Eq. (A. 19) in different kinematics. We have 

Ri =F(s2,p 2 ,ql), R 2 = F(p' 2 ,u 1 ,q 2 ), (A.28) 

and 

R! =F( Ul ,p 2 ,ql) , R 2 = F(p' 2 , Ul ,q 2 2 ) , 

R Sl = F(s 2 , Sl ,q 2 ) , R U2 = F(u2, u u ql) , (A.29) 

R tl = F(s 2 ,p 2 ,t 1 ) , Rt 2 = F(p ,2 , Ul ,t 2 ) , 

with 



Sl = {p + k) 2 , s 2 = (p' + q2) 2 , 

ui = (p-qi) 2 , u 2 = (p'-k) 2 , 

h = ( qi -k) 2 , t 2 = (q 2 -k) 2 . 



(A.30) 



Here, k and p stand for the momenta of the photon and 
nucleon in the initial state, while q\, q2 and p', for the 
momenta of the two kaons and cascade in the final state, 
respectively (see Fig. 1). A detailed derivation of these 
contact currents will be reported elsewhere [27]. 
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